Introduction
Species hybridization is a useful tool for elucidating evolutionary relationships and taxonomic affiliations among species. In particular, it is true for the genus Abies which involves many morphologically similar species (Hawley & DeHayes 1985) . The results of early experiments with Abies artificial hybridization prompted Klaehn & Winieski (1962) to the conclusion that species from the Mediterranean basin, North America and Asia cross readily. The species have accordingly been suggested to be closely related due to geographic rather than genetic or physiological separation during their evolution. However, further experiments have proved only partial validity of this conclusion. Using species of the same geographic regions, Mergen et al. (1964) found only a small share of attempted crosses to be successful, a higher degree of compatibility being characteristic for the crosses within geographic regions than for the crosses between regions. The greatest inter-regional compatibility was obtained when Asian female trees were pollinated by American species. The genetic differentiation between Asian, North American and Mediterranean firs at the DNA level has recently been illustrated by Xiang et al. (2004) .
At the taxonomic level, the compatible nature of the Balsameae intrasectional crosses along with a strong incompatibility between the species of the sections Balsameae and Grandes was reported by Hawley & DeHayes (1985) illustrating specific rather than general combining ability among Abies species. According to Critchfield (1988) , although crosses between North American sections are sometimes successful, firs of the Eastern and Western hemispheres may be isolated from each other by genetic barriers that are almost or completely insurmountable. We have proved the validity of this conclusion cytologically illustrating prezygotic hybridological barrier in the crossings of the North American species A. concolor with the Mediterranean firs (Kormutak et al., 2002) .
Regarding Asian species, they have been neglected or studied incompletely in the experiments mentioned above, mainly due to the lack of them in the areas where studies have been conducted (Klaehn & Winieski 1962; Mergen et al. 1964) . Recently, Iizuka et al. (2000) reported of the interspecific hybrids A. sachalinensis × A. homolepis and A. sachalinensis × A. veitchii obtained in Japan indicating resumed concern about crossability relationships between Abies sp. in this part of the world.
Of the three species native to Korean peninsula, A. nephrolepis was reported to intercross naturally with A. sibirica in the forests of Tailing in northeastern part of China (Takenouchi & Chien 1957) . Its counterpart of the section Elate, e. g. A. koreana, has been successfully crossed with A. cephalonica var. appolinis, A. la- (Mergen et al. 1964; Klaehn & Winieski1962; Kobliha 1994) . There is no report available concerning crossing ability of the species A. holophylla of the section Homolepides.
In order to characterize the crossability relationships among Korean species and their relationships with some other representatives of the genus, artificial pollination experiments have been done aiming at a better understanding of the crossability pattern within the genus Abies.
Material and methods

Species and their hybridization
Controlled pollinations were conducted in the spring of 2003 using 8 Abies taxa as parents (Table 1 ). Combining abilities of 3 mother trees of A. holophylla growing in the area of Korea Forest Research Institute in Suwon and 2 mother trees of A. koreana in the Jiri Mountain National Park in the southern part of South Korea were tested in the variants listed in Table 3 with controlled intraspecific cross-pollination serving as a control. The paper bags were placed on branches with female strobili two days before pollen shedding in Suwon (April 18) and five days before pollen shedding in Jiri mountains (May 3) corresponding to the stage when ovuliferous scales of female strobili have not been opened yet. Artificial pollination was carried out during April 21-23 in Suwon and throughout May 8-9 in Jiri mountains when female strobili reached maximal receptivity. Pollen was applied to female strobili by perforating isolators with a hypodermic needle attached to a small rubber balloon and a container with pollen. All pollinations were made only once. The hole was sealed thereafter with masking tape. The isolators were removed from the branches 10 days later when ovuliferous scales of female strobili were closed already. At this step of pollination procedure, counting of pollinated female strobili has been done.
Pollen collection and handling A. nephrolepis pollen was collected from two individuals of the species growing in the Korea National Arborettum in Kwang-reung. A. holophylla and A. koreana pollen was derived from 4 and 3 trees of the species in the respective study areas. A. kawakamii pollen was collected from one tree of the species' natural stand in Taiwan and provided by Dr. Jeng-der Chung of the Taiwan Forestry Research Institute in Taipei. Except for the species mentioned above whose pollen was collected in spring 2003, a 1-year stored pollen of A. alba, A. nordmanniana, A. cilicica and A. concolor has also been used in the experiments. A. alba pollen was obtained from one tree of the species' natural stand in Slovakia, whereas the pollen of the remaining species was collected from the respective specimen growing in the arboretum Mlynany (Slovakia). Pollen was stored at −50
• C and delivered to South Korea on dry ice. Before pollination, pollen viability test has been done using 1.5% agar and 10% sucrose. Each sample was represented in the test in a triplicate. In order to provide sufficient moisture, small Petri dishes with pollen were placed into larger ones containing water. Pollen was allowed to germinate for 48 hours at 25
• C in a growth chamber. The percentage of germination was estimated in 100 randomly selected pollen grains of each replicate, while the pollen tube length in 25 pollen grains.
Seed collection and handling
Cones resulting from controlled pollination as well as those from open pollination were collected early in October. Seeds were excised from cones and "de-winged" by hands, separately for each crossing variant. Percentage of filled seeds from x-rays was used as indicator of seed viability. A total of 200 seeds of each variant was used in x-ray analysis. Average viable seed yields of intertaxon relative to intrataxon crosses were used as estimates of crossability (Charlesworth & Charlesworth 1987) . Discrepancy between the number of pollinated female strobili and the number of collected mature cones, apparent from Table 3 , is mainly due to the damage of a portion of female strobili by insects and by a typhoon during the final stage of cone development.
Hybrid verification
Hybrid verification was based on paternal inheritance of chloroplast DNA (cpDNA) and on the species-specific profiles of the trnS-psbC and trnL-trnV spacer regions of cpDNA in the parental trees and in the hybrid embryos following their PCR-amplification and restriction enzyme digestion.
DNA extraction and analysis
Genomic DNA was isolated from needles of the parental species and from 5 seeds of the corresponding hybrid using NucleoSpin Plant kit (Mackerey-Nagel GmbH. & Co. KG, Germany). The primer pairs trnS-psbC and trnLtrnV were used for PCR. The former includes the intergenic spacer between the trnS (UGA) and the psbC genes, whereas the latter between the trnL (UAG) and trnV (GAC) genes. The primer sequences of trnS-psbC are 5'-GTTTGGAATCCCTCTCTCTC-3' and 5'-GGTCGTGA-CCAAGAAACCAC-3'. The primer sequences of trnLtrnV are 5'-CTGCTTCCTAAGAGCAGCGT-3' and 5'-TTGACATGGTGGAAGTCATCA-3'. They were designed on the basis of the complete cpDNA sequence of Pinus thunbergii (Wakasugi et al. 1994 ). • C was allowed for additional 2 min. To confirm successful amplification and to determine the size of the amplified fragment, 2 µL of the PCR product were analysed by electrophoresis using 1% agarose gel with ethidium bromide (125 ng per 250 mL of gel mixture). After electrophoresis, the DNA fragments were visualized and photographed over UV transilluminator.
The obtained PCR products were digested with the restriction enzymes Hae III and Tru1l. Of the total PCR amplification mixture, 6 µL of the PCR product was digested by 5 units of restriction enzyme following manufacturer's instruction (MBI Fermentas, Promega). The generated cpDNA restriction fragments were fractioned electrophoretically in 2% agarose gel with ethidium bromide (125 ng per 250 mL of gel mixture) prepared with 1x TBE buffer. Electrophoresis was run at 6 V/cm for 3 h. Separated fragments were visualized and photographed over UV transilluminator. The size of individual fragments was estimated by comparison with a DNA size standard (GeneRuller TM 100 bp DNA ladder Plus, MBI Fermentas).
Data analysis
The significance of differences in viable seed yields between intraspecific cross-pollination control and interspecific crosses of the same mother tree was assessed by z-test using the formulae
where p1 -percentage of viable seeds in an intraspecific control, p2 -percentage of viable seeds in an interspecific cross, n -total number of seeds analysed (Smelko & Wolf 1977) .
Results
Artificial pollination experiments preceded pollen viability estimation based on in vitro germination test. It follows from probably one of the reasons of seed quality variation in the nature. A total of 8 intraspecific and 10 interspecific crosses have been attempted representing within-regional and between-regional combinations of species. The degree of crossability varied considerably between individual species reflecting only partially their systematic relationships.
Of the species indigenous to Korean peninsula, only A. koreana and A. nephrolepis of the section Elate were found to intercross mutually. Both of them have however exhibited incompatible relationships with A. holophylla of the section Homolepides. Crossing abilities of all the three species mentioned above with other representatives of Abies are highly variable and rather asystematic.
It follows from the data given in Table 3 that A. holophylla intercrosses successfully with the Mediterranean species A. nordmanniana, A. alba and A. cilicica yielding 20%, 26% and 9% of filled seeds, respectively. The degree of crossability has accordingly ranged between 19.1% and 55.3% indicating a relatively high hybridological affinity. No filled seeds have however been obtained in the crossings of A. holophylla with the North American species A. concolor. Mother trees of A. holophylla no. 1 and no. 2 produced only hollow seeds after pollination with A. concolor pollen. At the intraspecific level, the highest yields of filled seeds were obtained from controlled crossing (47-60%) as compared with the lowest proportion of sound seeds from self-pollination in all the three mother trees (12-18%). A relatively high proportion of fully developed seeds was also characteristic for the open pollination variants of A. holophylla (34-43 %).
In comparison with A. holophylla, the amount of filled seeds in compatible variants of A. koreana was conspicuously reduced, probably due to rainy weather prevailing during flowering of the species. Of the interspecific crosses tested, only those of A. koreana × A. nephrolepis and A. koreana × A. nordmanniana proved Figure 1 . trnS-psbC/Hae III restriction patterns of six F 1 -seeds of interspecific hybrid A. holophylla no. 2 × A. nordmanniana and its respective parents. Lane 2 -A. holophylla no. 2 mother tree, cpDNA sample from needles; lanes 3-8 -female gametophytes of 6 hybrid seeds; lanes 9-14 -corresponding hybrid embryos of A. holophylla no. 2 × A. nordmanniana; lane 15 -A. nordmanniana pollen tree, cpDNA sample from needles; lanes 1 and 16 -molecular size standard (Gene Ruller TM 100 bp DNA ladder Plus, MBI Fermentas).
to be compatible reaching as high as 53.3% and 46.6% of crossability. On the contrary, the attempts to intercross A. koreana with A. holophylla, A. kawakamii, A. alba and A. cilicica failed completely (Table 3) . Controlled intraspecific pollination resulted in the highest production of filled seeds in both mother trees of A. koreana (15% and 22.5%) as compared with negligible yields of filled seeds in variants from open pollination of the species (0.5% and 0.8%). Except for the rain, the . trnS-psbC/Tru1l restriction patterns of five F 1 -seeds of interspecific hybrid A. koreana no. 5 × A. nordmanniana and its respective parents. Lane 2 -A. koreana no. 5 mother tree, cpDNA sample from needles; lanes 3-7 -female gametophytes of 5 hybrid seeds; lanes 8-12 -corresponding hybrid embryos of A. koreana no. 5 × A. nordmanniana; lane 13 -A. nordmanniana pollen tree, cpDNA sample from needles; lanes 1 and 14 -molecular size standard.
scattered and relatively isolated occurrence of A. koreana trees on Jiri Mtn. is probably an additional factor responsible for such a low quality of seeds from open pollination. The hybrid nature of the seeds in all the five interspecific crosses obtained so far was verified by the PCR-based RFLP analysis of chloroplast DNA. Hybridity of embryos was proved by the trnS-psbC/Hae III primer-enzyme combination in A. holophylla no. 2 × A. nordmanniana, A. holophylla no. 2 × A. cilicica and A. holophylla no. 4 × A. alba crosses as well as by the trnL-trnV/Tru1l combination in A. koreana no. 3 × A. nephrolepis no. 2 and trnS-psbC/Tru1l combination in A. koreana no. 5 × A. nordmanniana cross. The hybridity proof in A. holophylla no. 2 × A. nordmanniana cross is based on absence of 530 bp and 200 bp fragments in hybrid embryos (Fig. 1) , whereas in A. koreana no. 5 × A. nordmanniana cross on presence of 230 bp fragment in both hybrid embryos and A. nordmanniana pollen tree (Fig. 2) .
Discussion
Specific rather than general combining abilities have been postulated to exist among 9 Abies species of the North American, Mediterranean and Asian origin as well as among 6 species and varieties of firs native to North America (Mergen et al. 1964; Hawley & DeHayes 1985) . Also, only 5 of the 21 interspecific combinations of California species tested by Critchfield (1988) proved to be compatible indicating that differential ability of Abies species to intercross may be utilized in evaluating their systematic status and evolutionary relationships. The results of artificial hybridization experiments proved a high hybridological affinity among the Mediterranean species (Rohmeder & Eisenhut 1961; Klaehn & Winieski 1962; Greguss1984) and their reproductive isolation from the North American and partly also from Asian species (Kormuťák 1985; Kormutak & Yang 1998) . Only a slight differentiation within a group of Mediterranean species has also been proved by Scaltsoyiannes et al., (1999) using isozyme markers. Available hybridological data also indicate an extensive hybridization, taking place among Asian species (Klaehn & Winieski 1962; Mergen et al. 1964) . In particular, it is true of Abies species indigenous to Japan, which are supposed to intercross mutually irrespective of their taxonomic position (Iizuka et al. 2000; Isoda et al. 2000) . However, this does not apply for the Korean species A. koreana, A. nephrolepis and A. holophylla whose hybridological behaviour seems to be rather asystematic.
In spite of persisting disputes about the identity of A. koreana and A. nephrolepis on the Korean peninsula, (Chang et al. 1997) , RAPD based data confirmed close relationship but independent taxonomic status for both these species (Kim et al. 1996; Kim 1998 ). Taxonomically they belong to the section Elate and exhibit a relatively high hybridological affinity. Their counterpart on the peninsula, e. g. A. holophylla of the section Homolepides, is reproductively isolated from both of them indicating profound genetic differentiation from A. koreana and A. nephrolepis. There are reasons for suspecting such differentiation to exist between Asian species in a broader geographic context as evidenced by the incompatible relationship between A. holophylla and A. kawakamii of Taiwan. Also, Mergen et al. (1964) included among incompatible crossings the combination of Japanese species A. homolepis with A. koreana. Conversely, a high hybridological affinity was proved by the authors to exist between the Japanese species A. sachalinensis and A. koreana.
At the inter-regional level, all the three Korean species were found to be reproductively isolated from the North American species A. concolor of the section Grandes. It is of interest to mention in this connection that Mergen et al. (1964) reported of compatible relationship between the North American species A. lasiocarpa and A. koreana as well as of incompatible nature of A. procera v. glauca × A. koreana combination. Most probably, there exist specific crossability relationships between individual species of Korean peninsula and North America suggesting only a weak genetic differentiation between Abies species of both regions. This aspect of reproductive behaviour of Korean firs has also been demonstrated convincingly in their crosses with the Mediterranean firs. Although the Mediterranean firs are considered to represent a group of closely related species which intercross easily among themselves, only some of them were found to intercross with the Korean firs. The species A. holophylla has intercrossed with all the three Mediterranean species used, e. g. with A. nordmanniana, A. alba and A. cilicica exhibiting a relatively high degree of mutual crossability. On the contrary, A. koreana produced filled seeds only in the crossing with A. nordmanniana differing from A. holophylla in this respect. The fact that in crossings with both the above species were used the same trees of the paternal species whose pollen viability parameters were comparable (Tab. 2) provides additional evidence of differential crossing abilities of A. holophylla and A. koreana. However, this aspect of reproductive behaviour of these species should be verified on a broader scale using several parental trees of each species. The same is true for the Mediterranean firs which seem to share differential potential with respect to their crossability with A. koreana.
To conclude, crossability data obtained indicate that considerable differentiation does exist among Korean firs. A. koreana and A. nephrolepis are classified in this respect as closely related species which deviate profoundly from A. holophylla. The latter exhibits a higher degree of similarity with the Mediterranean species than A. koreana. Additional experiments are necessary involving some other species and reciprocal crossings of the species used already to validate this conclusion more convincingly.
